We show here that scrambler neurons in the cereinfiltration of the leading process into the PPZ to the termination of somal movement) were 9.3 Ϯ 0.9 m/hr bral cortex exhibit an abnormal mode and tempo of radial migration, which is associated with an impaired (n ϭ 10) and 6.6 Ϯ 0.6 m/hr (n ϭ 10), respectively. As expected, almost all scm/scm neurons did not reach a detachment from clonally related radial glial cells. This abnormal neuronal-glial adhesion is highly linked to the position high within the PPZ but instead terminated their radial migration just below the PPZ (22 out of 26 cells). positional defect in the scrambler mouse. Notably, glial detachment depends on ␣3 integrin signaling that is Altogether, these observations indicate that scm/scm and wild-type neurons move with distinct modes of raregulated by the phosphorylation state of Dab1 residues Tyr220 and Tyr232. Hence, the present study estabdial migration, which accompanies the known difference of cell positioning in their respective neocortices and lishes a functional link between Dab1 phosphorylation and ␣3 integrin signaling that drives the timely detachsuggest that the deviation of scrambler neurons from normal neuronal migration was especially pronounced ment of migrating neurons from radial glial fibers, which poses a likely requirement for preplate splitting and in the later phase of their radial migration. proper cortical lamination.
Abnormal Association of Scrambler Neurons with Radial Glial Fiber Results
In an early electron microscopical analysis of the E17 reeler neocortex (Pinto-Lord et al., 1982), postmigratory Pattern of Neuronal Migration in the Scrambler Neocortex neurons more closely associated with radial glial fibers than wild-type neurons. Taking into consideration this To determine how Dab1 affects the mode and tempo of neuronal migration in vivo, E13.5 brain slices were reeler phenotype at the later stages of corticogenesis, the distinct modes of radial migration of wild-type and derived from both wild-type and dab1-deficient scrambler embryos and subsequently labeled with Oregon scm/scm neurons ( Figure 1 ) led us to hypothesize that these neurons may show differential properties of adheGreen BAPTA AM to visualize the migrating cells in the cortex. In wild-type cortical slices, dye-labeled cells that sion to radial glia. To test this possibility, we conducted a clonal analysis to examine the spatial relationship bemoved in the radial direction had a long radially oriented process that terminated in the preplate zone (PPZ). The tween migrating neuronal progeny and the fiber of its clonally related mother radial glial cell at an early stage cell soma advanced toward the PPZ along the leading process, with the endfeet of the leading process reof cortical development. GFP-retrovirus was introduced in utero into the ventrimaining in a fixed position in the PPZ ( Figure 1A ; see also Movie S1 in the Supplemental Data at http:// cles of E12 embryos, with an emphasis placed on using appropriately diluted GFP-retrovirus to clearly discrimiwww.neuron.org/cgi/content/full/42/2/197/DC1). As expected, the cell soma finally reached the upper position nate the individual radial units composed of clonally related cells ( Figure 2E ). Twenty-four hours after E12 within the PPZ, with an average migration velocity of 14.1 Ϯ 2.6 m/hr (n ϭ 10). These observations are conwild-type embryos were infected with GFP-retrovirus (Figure 2A ), GFP-labeled cells showed radial glial morsistent with the previous finding that radially migrating cells in E13-E14 cortical slices dominantly use this mode phology, as indicated by a long pia-associated ascending process, a process descending to the ventricular surface, of radial migration, known as somal translocation (Nadarajah et al., 2001). and a cell body located in the VZ. Some radial units comprised two cells located closely to each other in the VZ, In contrast, in scrambler homozygous (scm/scm) cortical slices derived from E13.5 embryos, neurons miwith one being a radial glia-like cell and the other being closely apposed to the radial fiber. Immunoreactivity of grated in the radial direction differently. Radially migrating cells located at the lower region of the cell-sparse these cells to Nestin (Figures 2F and Figure 2C ), some radial units were composed of a radial glial cell and a GFP-labeled cell the cell soma advanced to the PPZ along its leading process, the terminus of the leading process remained located in the cell-sparse zone that had a long ascending process reaching into the PPZ. The morphology of the fixed at the same position. At a later phase of radial migration, however, when the cell soma was located in cells in the cell-sparse zone resembled that of the trans- locating cells observed in slice culture, and the majority with multiple processes and a cell body in the lower cell sparse zone (now IZ), and (3) cells which were located of these cells (51 out of 55 radial clonal units) were seemingly in contact with the fiber of their mother radial near or within the CP. The cells near or within the CP had a radially oriented process and showed immunoreglia. This may suggest that somal translocating neurons move along their parental radial glial fibers during the activity to Tuj1, an early neuronal marker ( Figures 2D  and 2H ). In addition, the majority (99 out of 100 cells) of initial phase of their migration. Forty-eight hours after infection ( Figures 2D and 3A) , radial clusters of labeled GFP-positive cells around the CP showed no immunoreactivity to calbindin, a marker for migrating GABAergic cells were observed, and the clones comprised (1) a radial glia-like cell with a cell body in the VZ, (2) cells interneurons from the ganglionic eminence, suggesting Figures 3A and 3C ). In the scm/scm neocortex, overall morphological features of radial clones were neurons. Among the many cell adhesion molecules, ␣3 integrin is expressed predominantly in radially migrating indistinguishable from those of wild-type clones ( Figure  3B ). However, in contrast to wild-type neurons, early neurons and appears to play an important role in neuronal migration along radial glial fibers during the later GFP-labeled scm/scm neurons were located in close proximity to the radial process of their clonally related stages of corticogenesis (Anton et al., 1999). Hence, to investigate a possible difference of ␣3 integrin distriburadial glia. The average distance between these neurons and the radial glial fibers in the scm/scm neocortex was tion between the neocortices of wild-type and scrambler mice, we performed an immunohistochemical analysis 6.9 Ϯ 0.5 m (n ϭ 54, 4 embryos), significantly lower of ␣3 integrin expression in wild-type and scm/scm neoin migratory neurons (Anton et al., 1999). These findings suggested that ␣3 integrin may be downregulated in the cortices. In the E15 wild-type neocortex, ␣3 integrin was highly expressed in the IZ, where migratory neurons are wild-type CP but not in the scm/scm CP. Alternatively, the subcellular localization of ␣3 integrin may be affected mostly located, while in the upper CP the immunoreactivity to ␣3 integrin was fairly low (Figures 4A, 4B, 4E, in CP neurons of the scm/scm neocortex. To distinguish between these possibilities, we performed immunoblotand 4F). In the scm/scm neocortex, however, both the IZ and CP exhibited strong immunoreactivity to ␣3 integrin ting using cortical lysates. As shown in Figure 4I , expression levels of ␣3 integrin were increased in the scm/scm ( Figures 4C, 4D , 4G, and 4H). In addition, similar images were obtained with a different ␣3 integrin antibody neocortex compared to the wild-type neocortex. Hence, it appears that migrating neurons in the wild-type neo-(Ralph3-1, Hybridoma Bank; data not shown) that was used previously to show the expression of ␣3 integrin cortex downregulate their ␣3 integrin levels when they tyrosine phosphorylation sites in cultured cortical neuscm cortical slice (average distance: 14.0 Ϯ 1.6 m, n ϭ rons. We thus generated Dab1 constructs with single 31, 6 slices from 3 embryos; Figures 4J and 4K) . In mutations at tyrosine residues 198, 220, and 232 (termed contrast, treatment of scm/scm cortical slices with a Y198F mutant, Y220F mutant, and Y232F mutant, recontrol antibody did not induce such detachment of spectively). When we introduced the Y198F mutant into migrating neurons from parental radial glial fibers (averthe scm/scm cortex, the abnormality in neuronal-glial age distance: 4.9 Ϯ 0.6 m, n ϭ 15, 4 slices from 3 interaction was rescued ( Figure 5 ). This abnormality, howembryos; Figures 4J and 4K) . These results indicate that ever, was not rescued by the Y220F or Y232F mutant, the abnormal neuronal-glial interaction in the scm/scm indicating that phosphorylation of tyrosine residues 220 neocortex is mediated, at least in part, by ␣3 integrin. and 232 are necessary for the ability of Dab1 to release neurons from their attachment to radial glial fibers.
A Specific Tyr Residue in Dab1 Is Required
Subsequently, we examined the possibility that the for the Detachment of Neurons Y220F and Y232F mutants of Dab1 act as dominantfrom the Radial Glial Fiber negative molecules with regard to the detachment of The results from the clonal analysis and the abnormal neurons from radial glial fibers. As shown in Figure 6A , expression of ␣3 integrin in the scm/scm neocortex early GFP-labeled neurons expressing either the Y220F strongly argued that Dab1 signaling plays an important or the Y232F mutant showed abnormal neuronal-glial role in the control of adhesion between neurons and interaction in the wild-type cortex (average distance: radial glial fibers. To investigate whether this role is 6.4 Ϯ 0.8 m and 7.6 Ϯ 0.5 m, respectively; Figure 6B ). of a cell-autonomous nature, we introduced wild-type Together with the fact that a Dab1-deficient environment Dab1 into the scm/scm cortex by using a retroviral vechas no effect on the detachment of Dab1-expressing tor that encodes wild-type Dab1-IRES-GFP. As shown in neurons from radial glial fibers, the findings with the Figure 5 , overall morphological features of radial clones mutant Dab1 constructs not only confirm a cell-intrinsic expressing Dab1 and GFP were indistinguishable from function of Dab1 for the control of neuronal-glial interacthose of wild-type and scm/scm neurons. In contrast to tion but importantly point to tyrosine residues 220 and scm/scm neurons in the scm/scm cortex, Dab1-intro-232 as being essential phosphorylation sites in the reguduced neurons in the scm/scm cortex were located at lation of this process. various distances apart from the fiber of their respective When we carefully analyzed the distribution of early mother radial glial cell (average distance: 16.6 Ϯ 2.1 GFP-labeled neurons (see Figure 6D ; groups I and II), a m, n ϭ 28; Figure 5) ., 2000) . To evaluate which normally, despite the mutant environment they were factyrosine residue(s) are responsible for the detachment ing, with 62% of early GFP-labeled neurons (n ϭ 28) of neurons from radial glial fibers, we first generated being observed within the CP ( Figure 6C ). On the other dab1 that contained phenylalanine substitutions at hand, early GFP-labeled neurons that expressed the these five tyrosine residues (termed as 5YF mutant) and Y220F and Y232F mutants in the scm/scm cortex the 5YF mutant gene together with GFP into the scm/ showed positional defects similar to those encountered scm cortex. Early GFP-labeled neurons expressing the by scm/scm neurons in the scm/scm cortex ( Figure 6C ). 5YF mutant showed a phenotype similar to scm/scm These observations indicate that the infiltration of cortical neurons into the CP requires an important cell-autonneurons, as they were closely apposed to clonally re- raised the notion of a functional linkage between Dab1 ures 7A and 7B). This result demonstrates a robust cellular interaction between Dab1 signaling and ␣3 integrin phosphorylation and ␣3 integrin-mediated adhesion. To more closely examine such a possibility, we introduced in vivo. We then examined whether upregulation of ␣3 integrin wild-type Dab1, Y220F mutant, or Y232F mutant together with GFP into the wild-type cortex, using electroin mutant Dab1-expressing neurons actually contributes to their increased abnormal neuronal-glial interaction. poration to achieve efficient transfection, and compared the ␣3 integrin levels in GFP-labeled neurons. As shown To this end, we generated a DNA-based RNAi vector that produces double-stranded small interfering RNAs in Figure 7A , GFP-labeled neurons in the CP that expressed either the Y220F or the Y232F mutant showed (Sui et al., 2002) to knock down ␣3 integrin protein levels in mammalian cells. When the RNAi plasmid (pBS-U6-abnormally high immunoreactivity to ␣3 integrin, whereas no or significantly lower immunoreactivity was observed VLA3) was cotransfected with a ␣3 integrin-expressing plasmid in HEK293 cells, ␣3 integrin levels were subin GFP-labeled neurons expressing wild-type Dab1 (Fig-stantially reduced as compared to control plasmid (pBStween these cells during neuronal radial migration. Using this method, we demonstrate that early-born scm/scm U6; Figure 7C and Supplemental Figure S1 at http:// www.neuron.org/cgi/content/full/42/2/197/DC1). On the neurons maintain contact with the radial fiber of their clonally related radial glia throughout their radial migraother hand, the RNAi plasmid gave no silencing effect on the levels of dynein intermediate chain ( Figure 7C) , tion, while wild-type neurons detach from it on their way to the pial surface. The abnormal neuronal-glial focal adhesion kinase, or actin (data not shown). Thereafter, we developed an in vivo clonal analysis method adhesion of scm/scm neurons nicely accounts for the disorganized migration of scm/scm neurons in the termithat allowed us to trace migrating neurons in which ␣3 integrin levels were knocked down by RNAi. In essence, nal phase of their radial migration because well-regulated cell-cell and cell-ECM adhesions are likely required the wild-type cortex was electroporated with the ␣3 integrin-RNAi plasmid together with a DsRed2-expressfor proper neuronal migration. Indeed, we demonstrate that the gliophilic adhesive property of scm/scm neuing plasmid to mark transfected cells, followed by infection with a retrovirus that expressed the Y220F mutant rons is mediated by ␣3 integrin, which is consistent with the upregulation of ␣3 integrin in the scm/scm CP. and GFP. Early GFP-labeled neurons that only expressed the Y220F mutant (DsRed2-negative) were Specifically, we show that tyrosine residues 220 and 232 of Dab1 are necessary for the migrating neurons to closely apposed to clonally related radial glial fibers (average distance: 4.9 Ϯ 0.8; Figures 7D and 7E 
